Solvation Effects
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IUPAC:
Solvation is an interaction of a solute with the solvent,
which leads to stabilization of the solute in the solution
The most important fundamental quantity describing the interaction of a solute surrounding solvent is
the free energy of solvation. This quantity is sometimes called the free energy of transfer, and refers
to the change in free energy for a molecule A leaving the gas phase and entering a condensed
phase. This free energy may be determined from the equilibrium constant describing the partitioning
of A netween the gas and condensed phases according to:

From Cramer

Solvent is a substance that dissolves a solute,
resulting in solution (usually a liquid, but can also be a solid or a gas)

e – dielectric constant
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Reaction in Gas Phase versus Solution
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Taken from:
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Implicit (Continuum) Solvation Models
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Taken from:
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Taken from:
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In continuum model, rather than representing the charge distribution of the solvent explicitly, we replace it by a
continuous electric field that represents a statistical average over all solvent degrees of freedom at thermal
equilibrium. The field is usually called the ‘reaction field’ in the regions of space occupied by the solute,
since it derives from reaction of the solvent to the presence of the solute. The electric field at a given point in
space is the gradient of the electrostatic potential f at that point, and the work required to create the
charge distribution may be determined from the interaction of the solute charge density r with the electrostatic
potential according to

𝐺=−

1
𝜌 𝑟 𝜙 𝑟 𝑑𝑟
2
The polarization energy is simply the difference
in the work of charging the system
in the gas phase and in solution

Poisson Equation:
At the heart of all continuum solvent models is a reliance on the Poisson equation of
classical electrostatics to express the electrostatic potential as a function of the
charge density and the dielectric constant. The Poisson equation, valid for situations
where a surrounding dielectric medium responds in a linear Fashion to the embedding
charge

𝛻 2𝜙

4𝜋𝜌(𝑟
𝑟 =−
𝜀

The charge distribution of the solute is thought of as being inside a cavity that displaces
an otherwise homogeneous dielectric medium. Thus, there are really two regions, one
inside and one outside the cavity, in which case the Poisson equation is properly written:

𝛻𝜙 𝑟 𝛻𝜀 = −4𝜋𝜌(𝑟

(for a linear isotropic nonhomogeneous medium)
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Poisson-Boltzmann (PB) equation:
The Poisson equation is valid under conditions of zero ionic strength. If dissolved, mobile
electrolytes are present in the solvent, the Poisson-Boltzmann eq. applies instead:
Debye-Hückel
Parameter:

Charge of the electrolyte solute

𝛻𝜙 𝑟 𝛻𝜀 − 𝜀(𝑟 λ(r 𝜅 2

𝑘𝐵 𝑇
𝑞𝜙(𝑟
𝑠𝑖𝑛ℎ
𝑞
𝑘𝐵 𝑇

= −4𝜋𝜌(𝑟

Switching function which is 0
in regions inaccessible to the electrolyte
and 1 otherwise

Truncation of power expansion

Linearized PB equation (simplification at low ionic strength)
𝛻𝜙 𝑟 𝛻𝜀 − 𝜀(𝑟 λ(r 𝜅 2 𝜙 𝑟 = −4𝜋𝜌(𝑟
Note that it is fairly common in the literature for continuum solvation calculations to be
reported as having been carried out using PB electrostatics even when no electrolyte
concentration is being considered.
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‘PB Solver’: non-ideal (arbitrary cavities)
Numerical solution to

1
𝐺=−
𝜌 𝑟 𝜙 𝑟 𝑑𝑟
2

Rather than solving the PB equation on a three-dimensional grid, the differential
equation can be recast into a boundary element problem by representing the
potential using a charge density spread over the molecular surface

See page 14 and 18
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Consider a conducting sphere bearing charge q, which may be taken as an approximation
to a monatomic ion. The charge on such an object spreads out uniformly on the surface, and
The charge density at any point on the surface may thus be expressed as

𝜌 𝑠 =

𝑞
4𝜋𝑎2

s – surface point
a

To determine the electrostatic potential at the surface we must approach from the outside. From the outside,
the electrostatic potential is well known to be equivalent to that for a point charge q at the origin, giving the
central field result

𝜙 𝑟 =−

𝑞
𝜖|𝑟|

For |r| = a:

Exterior
dielectric constant

1
𝐺=−
2

𝑞
𝑞
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The polarization energy is simply the difference
in the work of charging the system
in the gas phase and in solution

𝛥𝐺𝑒𝑙𝑒𝑐

1
1 𝑞2
=− 1−
2
𝜀 𝑎

(Born equation)
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If instead of carrying a charge, our sphere appears to be characterized by a perfectly dipolar distribution
having dipole moment m, an analogous analysis provides:

𝛥𝐺𝑒𝑙𝑒𝑐

1 2 𝜀−1
=−
2 2𝜀 + 1

𝜇2
𝑎3

(Kirkwood-Osanger equation)
(it is possible to generalize this eq. by including
multipole moments higher than the dipole)

In the QM context:
Self-consisten Reaction Field (SCRF) calculations:

“Reaction field”

Gas-phase
hamiltonian

Dipole-moment operator
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Models that directly calculate cavitation and dispersion/repulsion tend to predict that both effects are quite
large in magnitude, but with opposite sign so that there is a large degree of cancellation. This suggests
The unfortunate possibility that errors in the individual models may be larger than the net result..

e.g.,

Cavity-Dispersion-Solvent-Structure Formalism – The GCDS contribution to the free energy
of solvation is given by:

Ak – k runs over atoms or groups, A is the exposed
surface area
sk – is the characteristic ‘surface tension’ associated
with the atom or group

Approaches to non-electrostatic contributions are usually limited in that they only correct the free energy, and
do not perturb the solute wavefunction and hence do not alter any other properties of the solute..
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Models differ in the following aspects

1) Size and shape of the solute cavity
2) Level of solute description
3) Dielectric medium description
4) The cavity calculation method
5) Representation of charge distribution
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1) Size and shape of the solute cavity

18

2) Level of solute description
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3) Dielectric medium description

•

In most cases, homogenous static medium with fixed dielectric
constant

4) The cavity calculation method
5) Representation of charge distribution
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Explicit Solvation Model
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• Includes individual molecules

• Calculate the free energy of solvation by describing
solvent-solute interaction
• Monte Carlo (MC) and molecular dynamics simulations
(later lectures)
• Very lengthy calculations

• Requires an empirical interaction potential between
the solvent and solute and between the solvent molecules
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Appendix
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Electrostatics in vacuo
Gauss’s law:
The electric flux out of any closed surface is proportional to the
total charge enclosed within the surface.

Integral form:

Differential form:

q

 E  dA  e
Notes:

0

r(X )
div( E ( X )) 
e0

Vacuum
permittivity

- for a point charge q at position X0, r(X) = q  d(X-X0)

- Coulomb’s law for a charge can be retrieved from Gauss’s law
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Poisson equation:



r
div E 
e0





r
div grad f     f    f   
e0
2
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Uniform Dielectric Medium
Physical basis of dielectric screening
An atom or molecule in an externally imposed electric field develops a non
zero net dipole moment:

(The magnitude of a dipole is a measure of charge separation)
The field generated by these induced dipoles runs against the inducing
field
the overall field is weakened (Screening effect)

The negative charge is screened
by a shell of positive charges.
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System with dielectric boundaries
The dielectric is no more uniform:
e varies, the Poisson equation becomes:

r X 
div e  X grad f ( X )     e  X f ( X )  
e0





If we can solve this equation, we have the potential, from
which we can derive most electrostatics properties of the
system (Electric field, energy, free energy…)
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The Poisson Boltzmann Equation
r(X) is the density of charges. For a biological system, it includes the charges
of the “solute” (biomolecules), and the charges of free ions in the solvent:

r ( X )  r solute ( X )  rions ( X )
The ions distribute themselves in the solvent according to the electrostatic
potential (Debye-Huckel theory):

ni ( X )
e
0
ni

 qif ( X )
kT

n i : number of ions of type i per unit volume
qi : charge on type i ion

N

rions ( X )   qi ni ( X )
i 1

The potential f is itself influenced by the redistribution of ion charges, so the
potential and concentrations must be solved for self consistency!
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The Poisson Boltzmann Equation

r X  1
0


  e X f ( X )  
  qi ni e
e0
e 0 i 1
N



qif ( X )
kT

Linearized form:

r X 
  e  X f ( X )  
 e ( X ) 2 ( X )f ( X )
e0
1
2
 
e 0ekT

N

2
nq 
I

e 0ekT
i 1
0 2
i i

I: ionic strength
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Equilibrium vs. Non-Equilibrium Solvation
Fast and slow component of the solvation
Photoexcitations, fluorescence, etc…

All the above discussion pertains just to equilibrium solvation. For time-dependent processes like electron transfer
And vertical electronic excitation a generalization is necessary. Typically the problem is split into two parts. First,
the initial state is fully equilibrated to its own reaction field using the static dielectric constant est. This is taken to be
The situation just prior to the event. Then a sudden change happens to produce the final state, which is equilibrated
To two reaction fields. One is its own reaction field, which describes that part of the dielectric response due to electronic
Motions in the solvent that are fast enough to follow the sudden change. The other is that part of the initial reaction
Field that is too slow to follow the sudden change, which corresponds mostly to orientational motions of the solvent.
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